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ABSTRACT
We report measurements of record-setting intensities of cosmic-ray nuclei from C to Fe, made with the Cosmic Ray
Isotope Spectrometer carried on the Advanced Composition Explorer in orbit about the inner Sun–Earth Lagrangian
point. In the energy interval from ∼70 to ∼450 MeV nucleon−1, near the peak in the near-Earth cosmic-ray
spectrum, the measured intensities of major species from C to Fe were each 20%–26% greater in late 2009 than
in the 1997–1998 minimum and previous solar minima of the space age (1957–1997). The elevated intensities
reported here and also at neutron monitor energies were undoubtedly due to several unusual aspects of the solar
cycle 23/24 minimum, including record-low interplanetary magnetic field (IMF) intensities, an extended period of
reduced IMF turbulence, reduced solar-wind dynamic pressure, and extremely low solar activity during an extended
solar minimum. The estimated parallel diffusion coefficient for cosmic-ray transport based on measured solar-wind
properties was 44% greater in 2009 than in the 1997–1998 solar-minimum period. In addition, the weaker IMF
should result in higher cosmic-ray drift velocities. Cosmic-ray intensity variations at 1 AU are found to lag IMF
variations by 2–3 solar rotations, indicating that significant solar modulation occurs inside ∼20 AU, consistent
with earlier galactic cosmic-ray radial-gradient measurements. In 2010, the intensities suddenly decreased to 1997
levels following increases in solar activity and in the inclination of the heliospheric current sheet. We describe the
conditions that gave cosmic rays greater access to the inner solar system and discuss some of their implications.
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1. INTRODUCTION
In 2008 January, the first solar-cycle 24 sunspot was reported
and it appeared that the fifth solar minimum of the space era
might be drawing to a close. At that time galactic cosmic-ray
(GCR) intensities measured by NASA’s Advanced Composi-
tion Explorer (ACE) were comparable to those in 1997 and
had apparently leveled off (Figure 1(a)). A projection based
on 55 years of ground-based neutron-monitor data (using a
10.5 year solar cycle) suggested that new solar activity would
begin in early 2008. However, solar-minimum conditions con-
tinued through early 2010 (Figures 1(b) and (c)), and the Sun
entered an unfamiliar state characterized by much weaker po-
lar and interplanetary magnetic fields (IMFs; Smith & Balogh
2008; Lee et al. 2009; Figure 1(d)) and by greatly reduced
solar-wind density and dynamic pressure (McComas et al. 2008;
Figure 1(f)). In response to these and related conditions, cos-
mic rays had much greater access to 1 AU in 2009 than during
the previous four solar minima, triggering neutron monitors at
record levels (Ahluwalia & Ygbuhay 2010), and producing in-
tensities at 200 MeV nucleon−1 (near the peaks in 1 AU cosmic-
ray spectra) that were more than 20% greater than previously
observed during the space era (Figure 1(a)).
The inner heliosphere is, to a large extent, shielded from
cosmic rays by the expanding solar wind and its magnetic field,
and the near-Earth GCR intensity varies over the solar cycle as a
result of processes collectively referred to as “solar modulation”.
As cosmic rays diffuse inward they scatter off irregularities in
the diverging IMF and lose energy (Parker 1966; Gleeson &
Axford 1968). Cosmic rays also undergo gradient and curvature
drifts in the large-scale IMF (Jokipii & Thomas 1981; Ferreira
& Potgieter 2004). During the current solar minimum, positive
particles drift inward along the current sheet and, near the Sun,
drift poleward. Approximately every 11 years the Sun’s dipole
magnetic field reverses direction, reversing the drift patterns.
Since the last reversal in 2001, the Sun’s field in the northern
hemisphere has had predominantly negative (inward-pointing)
polarity (denoted as an “A < 0” cycle).
ACE was launched during the 1997 solar minimum and since
early 1998 has orbited the inner-Lagrangian (L1) point carrying
nine solar energetic particle (SEP), cosmic-ray, solar-wind, and
magnetic-field instruments (Stone et al. 1998a). The Cosmic
Ray Isotope Spectrometer (CRIS) measures GCR nuclei from
He to Zn (2 Z 30) from ∼50 to ∼500 MeV nucleon−1 with
unprecedented precision (Stone et al. 1998b). In contrast, the
response of sea-level, high-latitude neutron monitors (Clem &
Dorman 2000) begins at ∼1 GV (∼433 MeV for protons) with a
median response 10 GV (Ahluwalia & Fikani 2007). George
et al. (2009) reported GCR measurements of B to Ni nuclei
during the 1997–1998 solar minimum and subsequent solar
maximum. This paper documents how the 2009–2010 GCR
intensities of cosmic-ray nuclei from H to Fe exceed those in
recent solar minima, and discusses conditions leading to this
excess.
2. OBSERVATIONS
The CRIS instrument team measures cosmic-ray spec-
tra for elements from B to Ni that stop in four detec-
tor stacks and reports these in seven energy intervals (see
http://www.srl.caltech.edu/ACE/ASC/level2/index.html). This
study uses intensities averaged over 27 day Bartels rotations,
excluding days contaminated by SEPs (George et al. 2009).
Heavy species like Fe (Z = 26) that stop in the detector stacks
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Figure 1. (a) Cosmic-ray oxygen intensity (rolling averages of two Bartels
rotations) over the ACE mission. Also shown are 1996–1997 oxygen in-
tensities scaled from Climax neutron-monitor data (http://ulysses.sr.unh.edu/
NeutronMonitor/neutron_mon.html) and a 2006–2012 oxygen rate projected
using 1951 to 2005 Climax data and a 10.5 year solar cycle. The late
2009 intensity was 21.8% greater than the 1997–1998 maximum (dashed
line). (b) Monthly and smoothed sunspot numbers from the Royal Observa-
tory of Belgium (http://sidc.oma.be/); (c) CME rates from SOHO/LASCO
(http://cdaw.gsfc.nasa.gov/CME_list/); (d) IMF strength from ACE/MAG; (e)
solar-wind speed from ACE/SWEPAM and NASA’s OmniWeb; and (f) the
solar-wind dynamic pressure (NASA OmniWeb). The percentage change of
each parameter from the last minimum to the present is indicated (based on the
periods indicated by horizontal bars).
have higher average energy per nucleon than lighter species.
However, ∼200 MeV nucleon−1 is within the stopping-range of
all species reported here. Figure 2(a) shows time variations of
six abundant “primary” species (most observed particles were
accelerated from interstellar material). These species are rela-
tively free of “secondaries” produced by nuclear interactions
with interstellar gas and have similar energy spectra (George
et al. 2009). All six species have similar intensity histories with
a mean excess of 23.3% ± 0.9% in late 2009.
Although ACE instruments do not measure cosmic-ray proton
spectra at ∼200 MeV, the integral proton intensity can be
monitored using the bottom detectors in the four solid-state
detector stacks (labeled “E9” in Figure 11 of Stone et al.
1998b). These large-area devices (68 cm2 each) respond to
charged particles (including minimum-ionizing species) from
all incident directions. The estimated threshold for H and 4He
averages ∼120 MeV nucleon−1 over the instrument’s upper
hemisphere (the threshold for the spacecraft-facing side is
similar but harder to assess). During 1997–2008 there is an
excellent correlation between the E9 count rate and >120 MeV
proton intensities from the BESS balloon-borne instrument
(Shikaze et al. 2007) and PAMELA mission (Casolino et al.
2009), relating the E9 count rate and >120 MeV proton intensity
with ∼2% accuracy.
Relative 27 day rates of >120 MeV protons and
200 MeV nucleon−1 oxygen are compared in Figure 2(b). The
two rates track each other closely; the proton rate varies less
because it is integrated to high energies. In late 2008, both
rates began exceeding 1997–1998 levels. At the end of 2009 the
inferred >120 MeV proton intensity was 13.7% greater than
in 1997 September, but it decreased in early 2010 following
changes in several interplanetary parameters.
To establish that 2009 cosmic-ray intensities <1 GeV
nucleon−1 are the highest of the space era we compare He
intensities over five solar minima (Figure 3). Although no sin-
gle spacecraft covered this period, there are IMP-8 data from
the Goddard Space Flight Center instrument from 1973 to 2001
and earlier data from several spacecraft. To extend the IMP-8
He intensities, we normalize to CRIS C using a He/C ratio of
42.6 at 100–200 MeV nucleon−1. The peak He intensities (3
rotation averages) in the 1997–1998 and 1976–1977 (A > 0)
minima agree to within 2%. The He estimates for late 2009 ex-
ceed those in 1997 by 20% ± 2% and those in 1965 and 1987
by ∼40%.
We note that solar-minimum measurements of cosmic-ray
ionization in the upper atmosphere during the 1930s and 1940s
were ∼10%–15% greater than for the 1965 and 1975 solar
minima (Neher 1971; McCracken & Beer 2007). However, there
are no measured intensities or energy spectra for individual
cosmic-ray species from this era for comparison with those
from 2009–2010.
Energy spectra of C and Fe for 1997 and 2009 are shown in
Figure 4, along with calculated spectra from a GCR transport
model and a spherically symmetric solar-modulation code that
includes diffusion, convection, and adiabatic deceleration (Fisk
1971; Appendix C.2 of George et al. 2009). Interstellar energy
spectra from the transport code are input to the modulation
model. Although we use Fisk’s numerical solution and not the
“force-field solution” (Gleeson & Axford 1968), it is convenient
to label each model spectrum by the modulation parameter
introduced by Gleeson & Axford (φ, in MV), representing the
integral of VSW/(3K) from 1 AU to the modulation boundary.
Here VSW is the solar wind velocity (∼400 km s−1 in the ecliptic)
and K is a radial diffusion coefficient assumed proportional to
βR, where β is particle velocity in units of the speed of light
and R is rigidity.
As expected, the 2009 Fe spectrum has a greater in-
crease in intensity at 150 MeV nucleon−1 (∼24%) than at
∼360 MeV nucleon−1 (∼16%). The model spectrum for Fe
peaks at somewhat lower energy than the measurements. In ad-
dition, Mg, Si, and Fe spectra are better fit with smaller φ values
than are C and O (see also Wiedenbeck et al. 2009). Comparing
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Figure 2. (a) Intensity of six abundant cosmic-ray species at ∼200 MeV nucleon−1 (rolling averages of three Bartels rotations) with each normalized to the first three
rotations of the ACE mission (rotations 2240–2242). (b) Twenty-seven day average intensities of >120 MeV protons (see the text) and ∼200 MeV nucleon−1 oxygen,
both normalized to unity during Bartels-rotation 2240 in 1997.
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Figure 3. Intensity of 100–200 MeV nucleon−1 He from 1965 to 2010. The
1965 point (blue circle) is based on a fit to several measurements (Figure 1(b)
of Garcia-Munoz et al. 1983). University of Chicago data (green diamonds) are
from Garcia-Munoz et al. (1975, 1977), Beatty et al. (1985), and Evenson et al.
(1983). The 1974–2001 data (blue line) are from the IMP-8/GME instrument
(R. McGuire 2001, private communication) and 1997–2010 data (red line) are
scaled from ACE/CRIS carbon measurements (see the text). The peak intensity
in 2009 (81 day average) exceeded that in 1997 (dashed line) by 19.8% ± 1.7%.
modeled and measured intensities of the six primary species at
∼200 MeV nucleon−1, the average modulation levels (φ) are
∼320 MV in late 1997 and ∼235 MV in late 2009. While the
spherically symmetric model gives a reasonable approximation
to the data, the fits are not perfect, suggesting that a more real-
istic model including gradient and curvature drifts is ultimately
required.
3. CONDITIONS CONTRIBUTING TO THE 2009
INTENSITIES
We now discuss several interplanetary parameters that
collectively produced conditions for elevated intensities in
2009–2010.
3.1. Interplanetary Magnetic Field Strength and Turbulence
Level
It is well known that cosmic-ray intensities are inversely
correlated with the IMF strength, denoted by B (Burlaga &
Ness 1998; Cane et al. 1999). Indeed, it is often assumed
that the interplanetary cosmic-ray diffusion coefficient along
the mean magnetic field (K‖) is proportional to either 1/B
(Jokipii & Davila 1981; Reinecke et al. 2000) or 1/B to some
power (Caballero-Lopez et al. 2004; Ferreira & Potgieter 2004).
Diffusion perpendicular to the magnetic field is often assumed
to scale as KII (Ferreira & Potgieter 2004). In addition, GCR
drift velocities increase with decreasing IMF strength (Jokipii
& Levy 1977; Jokipii & Kota 1989). In 2009, the IMF averaged
3.9 nT compared with 6.3 nT for 1997 September–1998 March
(Figure 1(d)) and ∼5.6 nT during the 1987 solar minimum,
implying that cosmic rays had greater access in 2009. The
decrease in GCR intensity in early 2010 followed an IMF
increase from ∼4 to ∼5 nT (Figures 1(a) and (d)).
Ahluwalia & Ygbuhay (2010) found a good inverse corre-
lation of 2006–2009 neutron-monitor data with monthly IMF
averages. Figure 5(a) shows that the 27 day average oxygen
intensities are also correlated with the IMF strength three so-
lar rotations earlier (delays of 0, 1, 2, and 4 rotations gave
somewhat poorer correlations). The excellent correlation in
Figure 5(a) indicates that solar-wind properties have consid-
erable effect out to ∼20 AU, consistent with significant solar
modulation occurring in the inner heliosphere at solar minimum
(Fisk et al. 1998; Cummings & Stone 1999; Fujii & McDonald
2005).
Although Figure 5(a) shows that GCR intensities and the
IMF are highly correlated, it does not reveal why. Cosmic-ray
pitch-angle scattering in the IMF is regulated by turbulence in
the IMF. Zank et al. (1998) find the mean free path (MFP) for
diffusion along the mean magnetic field (λ‖) is proportional
to B5/3/(δB2). Using the rms variation in the vector magnetic
field for δB (http://omniweb.gsfc.nasa.gov/ow.html) we find that
λ‖ increased by ∼44% from 1997–1998 to 2009, and then
suddenly decreased in early 2010, preceding a sudden drop
in GCR intensity (Figure 5(b)). Diffusion perpendicular to the
IMF may also have been more effective in 2009.
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Figure 4. Energy spectra for C and Fe for 1997 August 27 to 1997 November 1 and for 2009 October 25 to 2010 January 13. Also shown are modeled 1 AU spectra
characterized by the modulation parameter (φ; see the text). LIS spectra are derived from a cosmic-ray transport code (George et al. 2009). Statistical uncertainties are
∼1%–2% for C and ∼2%–3% for Fe.
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Figure 5. (a) Correlation of 27 day oxygen intensities from 2004–2010.5 with the 27 day IMF strength three solar rotations earlier. (b) Comparison of 81-day averages
of the parallel mean free path (MFP; λ ∼ B5/3/(δB)2; red line, see the text) with C+O+Ne+Mg+Si+Fe intensities (each normalized to 1/6 during Bartels rotation 2240;
blue line); (c) the 27-day-average intensity of C+O+Ne+Mg+Si+Fe (blue line) is plotted with the 27-day average HCS tilt angle (red line; note inverse right-hand
scale).
3.2. Tilt of the Heliospheric Current Sheet
In each of the previous three solar minima the heliospheric
current sheet (HCS) tilt angle evolved from >70◦ at solar
maximum to <10◦ at solar minimum (using the “classic” model
at http://wso.stanford.edu/). During A < 0 cycles, GCR ions
enter the inner heliosphere largely by drifting along the HCS.
When the HCS tilt angle (Figure 5(c)) is greater, GCR ions
must drift a greater distance, and with a model that neglected
diffusion, Jokipii & Thomas (1981) calculated that the 1 AU
GCR intensity would be inversely correlated with tilt angle (see
also Potgieter et al. 2001; Ferreira & Potgieter 2004). In the
present solar minimum the tilt angle remained >30◦ until mid-
2009 when it finally decreased, eventually reaching ∼10◦ to
∼13◦ for three solar rotations.
The dip in GCR intensity in late 2007, followed by an upward
surge in early 2008, appears related to HCS tilt angle changes
(Figure 5(c)). The tilt angle decrease to ∼10◦ in late 2009 was
apparently less effective (see also Cummings & Stone 1999), but
it remained <13◦ for only ∼3 rotations. The abrupt GCR decline
in early 2010 is likely due in part to the tilt angle suddenly
increasing from ∼10◦ to >40◦ two or three rotations earlier.
In late 2008, the Ulysses/KET 2.5 GV proton rate (∼1.7 GeV)
was at 1997 solar-minimum levels with a ∼35◦ tilt angle. Heber
et al. (2009) predicted a ∼30% increase to record levels if the tilt
angle reached <10◦. Record intensities did occur, although the
increase from late 2008 to late 2009 at somewhat lower rigidities
(1–2 GV) was ∼20% rather than ∼30% (Figures 2 and 5(c)).
3.3. Coronal Mass Ejection Rate
Interplanetary coronal mass ejections (ICMEs) typically in-
clude stronger magnetic fields than ambient solar wind and
several ICMEs can coalesce to inhibit GCR entry into the in-
ner heliosphere (Burlaga & Ness 1998). The 2008–2009 CME
rates were noticeably lower than in 1997–1998 (Figure 1(c)). In
addition, the average CME mass in 2008–2009 was ∼10 times
smaller than in 1997–1998 (Vourlidas et al. 2010), thereby min-
imizing this solar-modulation contribution.
3.4. Solar Wind Speed
The solar-wind speed (VSW) determines the rate cosmic rays
are convected into the outer heliosphere and the adiabatic
energy-loss rate in the solar wind. However, the average VSW in
2009 (∼375 km s−1) was not unusual for solar minimum (late
1997 through early 1998 averaged ∼373 km s−1; Figure 1(e)).
Given this small change in Vsw the effects on convection and
energy loss should be minimal.
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3.5. Solar Wind Dynamic Pressure
McComas et al. (2008) reported that the solar wind dynamic
pressure in 2008 was ∼22% lower than 11 years earlier, due
to low-proton densities. In 2008–2009 the dynamic pressure
continued to decrease (Figure 1(f)), becoming ∼40% lower
in 2008–2009 than in 1996–1997. The balance between solar-
wind and pickup-ion dynamic pressure and interstellar-medium
pressure regulates the termination shock and heliopause loca-
tions; with decreasing interplanetary pressure these boundaries
contract. Although the solar wind takes ∼1 year to reach the
termination shock, it requires another year or more to reach
the heliopause, often assumed to represent the GCR modula-
tion boundary (e.g., Webber & Higbie 2009). However, solar-
minimum intensity gradients for <0.5 GeV nucleon−1 GCR ions
in the outer heliosphere are small compared to inside ∼20 AU
(e.g., Figure 2 in Fisk et al. 1998), suggesting that boundary-
distance changes have a minor effect on 1 AU GCR intensities.
3.6. An Extended Solar Minimum
Finally, the elevated 2009 GCR intensities are likely due in
part to the extended solar minimum, which provided more time
for GCRs to equilibrate than during recent A < 0 minima.
In contrast, during the 1987 minimum several neutron moni-
tors only briefly reached their maximum count rates (Moraal
et al. 1989). However, solar activity then increased and GCRs
<1 GeV nucleon−1 may not have had an opportunity to equili-
brate (Figure 3).
4. DISCUSSION
In some ways, the present minimum is reminiscent of 1987
(also A < 0), when selected neutron monitors also reached their
then all-time maximum intensities. However, 1987 was a weak
minimum for GCRs <1 GeV nucleon−1 (Figure 3) possibly
because the IMF was ∼40% stronger than in 2009 or because
the cosmic-ray diffusion coefficient had a different rigidity
dependence. Our results, in combination with neutron-monitor
data, show that in 2009 cosmic rays had greater access to 1 AU
over the full energy range from ∼0.1 to >10 GeV nucleon−1.
Galactic cosmic rays affect both humans and hardware
in space. We find 2009 GCR intensities at several hun-
dred MeV nucleon−1 more than 20% higher than previous
direct measurements. Intensity increases at higher energies
are expected to be smaller. By integrating modeled spectra
that fit our observations we estimate that a 21.8% increase at
200 MeV nucleon−1 (Figure 1(a)) corresponds to a ∼11% in-
crease in the >100 MeV nucleon−1 GCR intensity of A/Z ≈
2 nuclei. Hydrogen (A/Z =1) varies somewhat more than He
and we deduce an increase of ∼13.7% for >120 MeV protons.
Integrating representative proton spectra times the energy-loss
rate in Si indicates that the interplanetary radiation dose due to
GCR protons increased by 14% ± 2% from late 1997 to late
2009, an increase that appears consistent with 1997–2009 dose
estimates in Schwadron et al. (2010), based on ACE/CRIS and
neutron-monitor data.
Although the 2009 intensities are at a 50 year high level,
measurements of 10Be deposited in polar ice cores over the last
∼500 years (McCracken et al. 2004a) indicate that the space
era has occurred during a period of very low GCR intensity.
Between the years ∼1400 and ∼1900 10Be production was
typically ∼40% to ∼80% greater than in the early 1970s.
Measurements of 10Be and 14C also indicate higher-than-present
GCR intensities over most of the last ∼10,000 years (Steinhilber
et al. 2010). In addition, measurements of cosmic-ray ionization
in the atmosphere (McCracken & Beer 2007; Neher 1971)
indicate that neutron-monitor rates in the 1930s (and perhaps the
1940s) would have exceeded those in recent minima, including
2009–2010.
Webber & Higbie (2010) reported that Voyager H and
He spectra in the heliosheath are increasing less fast than
expected for some suggested interstellar spectra (e.g., Webber
& Lockwood 2001; Webber & Higbie 2003; McCracken et al.
2004b). Rather, Webber & Higbie (2009, 2010) favor interstellar
spectra that roll over below ∼200 MeV nucleon−1 (Figure 4)
as expected from ionization energy-loss effects (George et al.
2009). It is often assumed that if the Voyagers reach the
heliopause they will sample local-interstellar (LIS) cosmic-
ray spectra (e.g., Webber & Higbie 2010). Knowledge of these
spectra should provide benchmarks for interpreting long-term
10Be and 14C records by reducing uncertainties associated with
LIS spectra and providing an upper limit to near-Earth cosmic-
ray intensities in the past. In addition, knowledge of LIS spectra
will provide improved estimates of the radiation environments
that could occur during future human exploration beyond our
magnetosphere.
5. SUMMARY
The observations reported here show that during the extended
2008–2010 solar minimum there was a 1.5 year period (2008
October through 2010 March) during which the intensity of
heavy (He to Fe) GCRs with ∼70 to ∼450 MeV nucleon−1
exceeded intensities during previous solar minima back to
1965, and most neutron monitors were also at record levels
(Ahluwalia & Ygbuhay 2010). The 2008–2010 solar minimum
was unusual in several ways, including a greatly reduced
IMF strength averaging ∼39% less in 2009 than during 1997
September to 1998 March (Figure 1(d)) and a prolonged
decrease in the interplanetary turbulence level. This combination
produced a sustained increase in the estimated cosmic-ray
MFP (Figure 5(b)) and also increased GCR drift velocities,
allowing cosmic rays to penetrate more easily into the inner
heliosphere than during other recent minima. The extended
cycle 23/24 solar minimum provides an excellent opportunity
for state-of-the-art solar-modulation models to evaluate the
relative effects of evolving solar/interplanetary properties. The
long-term cosmic-ray record based on 10Be and 14C shows
that the solar-cycle average GCR intensity at 1 AU has been
unusually low during the space era. It is possible that the
near-Earth radiation environment is returning to more “normal”
conditions.
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